The purpose of this study was to test for differences in brain shape among children with cleft palate only (n ¼ 22), children with cleft lip and palate (n ¼ 35), and controls (n ¼ 39) using Euclidean distance matrix analysis. Sixteen percent of interlandmark distances differed between children with cleft palate only and controls, 10% differed between children with cleft lip and palate and controls, and 10% differed between children with cleft palate only and children with cleft lip and palate. Major differences in brain shape associated with cleft lip and/or palate included posterior expansion of the occipital lobe, reorientation of the cerebellum, heightened callosal midbody, and posterior displacement of the caudate nucleus and thalamus. Differences in brain shape unique to cleft palate only and to cleft lip and palate were also identified. These results expand upon previous volumetric studies on brain morphology in individuals with cleft lip and/or palate and provide additional evidence that the primary defect in cleft lip and/or palate results in both facial and brain dysmorphology.
Nonsyndromic cleft lip and/or palate is one of the most common congenital anomalies in the world, occurring in 1 out of 700 newborns. Although traditionally considered to be a craniofacial disorder, cleft lip and/or palate has been found to be associated with poor academic achievement, a low verbal IQ, and deficits in rapid verbal labeling, verbal fluency, and short-term memory. [1] [2] [3] [4] These cognitive deficits have been attributed to secondary factors, including low self-esteem, depressed mood, and hearing and speech deficits [5] [6] [7] [8] [9] ; however, it is possible that these deficits are instead the result of abnormal brain structure and function. Development of the face, the craniofacial skeleton, and the brain are known to be closely linked under both normal and pathologic conditions, [10] [11] [12] and a malformation that affects the face may be associated with malformation of the developing brain.
To date, a handful of neuroanatomic studies have been completed on individuals with cleft lip and/or palate, all of which have identified structural brain abnormalities. Nopoulos et al 13 found total brain volume to be smaller in children with cleft lip and/or palate and identified abnormal tissue distribution within the brain. Specifically, the occipital lobe was enlarged whereas the frontal lobe, cerebellum, caudate, putamen, and globus pallidus were reduced in volume. Adults with cleft lip and/or palate exhibited the opposite pattern: the frontal and parietal lobes were abnormally large whereas the temporal and occipital lobes were abnormally small. [14] [15] Brain shape also differed among adults with cleft lip and/or palate and controls. 16 Statistical shape analysis, unlike volumetric analysis, is able to evaluate whether changes in size are global or local, to quantify changes in shape, and to describe how regions are interrelated, thereby assessing the connectivity of the brain. 17, 18 Based on the known developmental integration of face and brain, the purpose of this study was to test the hypothesis that brain shape differs among children with cleft lip and palate, children with cleft palate only, and controls. researchers at the University of Iowa led by PN. 4, 13 Children with cleft lip and/or palate were recruited by the University of Iowa Cleft Clinic. To be included in the study, a child with cleft lip and/or palate had to be diagnosed with nonsyndromic cleft lip and/or palate. All children with cleft lip and/or palate were first assessed by an experienced ENT for syndromic cleft lip and/or palate, and any child in whom syndromic cleft lip and/or palate was suspected was referred to a geneticist for additional testing. Exclusion criteria for children with cleft lip and/or palate included braces (which create an artifact in magnetic resonance imaging) and a known full-scale IQ of less than 70. Children with a full-scale IQ of less than 70 were excluded to protect against including subjects with undiagnosed syndromic cleft lip and/or palate. Healthy controls were recruited from the community. Exclusion criteria for controls included braces and diagnosis of a major medical, neurologic, or psychiatric illness. All participants signed an informed consent approved by the University of Iowa review board and were compensated for their involvement in the study. This study was approved by the Johns Hopkins University institutional review board.
In order to control for differences in sex and age but still maximize the sample size, children with cleft lip and palate, children with cleft palate only, and controls were matched by sex and age (within one year). This matching process produced 18 triads, of which 11 were male and seven were female. The remaining children with cleft lip and/or palate were then matched by age and sex to a control. This pairing process created 16 male cleft lip and palate/ control pairs, one female cleft lip and palate/control pair, and four female cleft palate only/control pairs. All of the boys with cleft palate only had already been matched during the creation of the triads and thus there were no male cleft palate only/control pairs. Ninety-six children (31 female and 65 male; ages 7 to 17 years) were included in the current study. Of these, 35 had cleft lip and palate, 22 had cleft palate only, and 39 were controls. Sample descriptions are provided in Table 1 . Age did not differ among children with cleft lip and palate, children with cleft palate only, and controls (analysis of variance F ¼ 0.86, df ¼ 2, P ¼ .427). The sample was ethnically homogenous in order to control for racial variation in skull morphology. Seventy-nine (82%) children self-identified as white, 8 (8%) as Asian American, 1 (1%) as African American, 2 (2%) as Hispanic/Latino, 1 (1%) as Native Hawaiian/Pacific Islander, 4 (4%) as biracial, and 1 (1%) did not disclose his race.
Cognitive Assessment
Cognition was assessed in every child using a battery of neuropsychological tests that measured IQ and several other cognitive domains. Neuropsychological tests were administered by cognitive specialists at the University of Iowa. A description of this assessment is available in Conrad et al. 4 Approximately 90% of the children included in this study were included in the sample assessed in Conrad et al. 4 Like in Conrad et al, after controlling for differences in socioeconomic status, analysis of covariance revealed no difference in full-scale IQ (F ¼ 1.84, df ¼ 2, P ¼ .164) or performance IQ (F ¼ 0.13, df ¼ 2, P ¼ .880) among children with cleft palate only, those with cleft lip and palate, and controls ( Table 1 ). Verbal IQ was significantly different among the 3 groups (F ¼ 3.37, df ¼ 2, P ¼ .039). Post hoc analysis with Bonferroni correction revealed that verbal IQ was lower in children with cleft palate only ( x ¼ 97) relative to controls ( x ¼ 108) (95% confidence interval: 0.26 to 22.62), but no difference in verbal IQ was detected between cleft lip and palate ( x ¼ 102) and controls (95% confidence interval: -2.66 to 15.68) or children with cleft palate only (95% confidence interval: -15.84 to 5.99).
Imaging Methods
Images were obtained with a 1.5-T Signa magnetic resonance scanner (General Electric, Milwaukee, Wisconsin) using a T1 sequencing protocol. Postacquisition processing was completed by technicians at the University of Iowa using the software BRAINS (Brain Research: Analysis of Images, Networks, and Systems [19] [20] [21] [22] [23] ).
Statistical Shape Analysis
Twenty-three (23) landmarks representing cortical and subcortical structures on the midline and left side of the brain were used to assess brain shape ( Table 2 , Figures 1 and 2 ). Landmarks were collected blind to sex and cleft status using eTDIPS, a multidimensional volume visualization analysis software that allows landmarks to be placed on any of the 3 planar views or directly on a 3-dimensional reconstruction of the brain. [25] [26] Landmarks were only collected on the left side of the brain because when Weinberg et al 16 analyzed brain shape in adults with cleft lip and/or palate, they used unilateral left brain landmarks. For comparative purposes, it was beneficial to employ the same technique. All of the landmarks that were used in this project were validated in an inter-and intraobserver error study. The average intraobserver error was 1.9 mm with a range of 0.72 to 5.6 mm and the average interobserver error was 1.1 mm with a range of 0.40 mm to 3.4 mm.
Landmarks were analyzed using Euclidean distance matrix analysis. 27 Briefly, Euclidean distance matrix analysis assesses shape differences by comparing a matrix of the linear distances that connect pairs of landmarks (ie, interlandmark distances) in one sample to a matrix of the linear distances that connect the corresponding pairs of landmarks in a second sample. 27, 28 Corresponding interlandmark distances are compared between samples as a ratio, such that if a given ratio is equal to 1, the 2 samples do not differ with respect to that specific interlandmark distance. Statistical significance is assessed using a nonparametric bootstrapping algorithm that ultimately produces a confidence interval (a ¼ 0.05) for each interlandmark distance. 29, 30 Three pairwise comparisons were conducted in this study using Euclidean distance matrix analysis: (1) cleft palate only versus control;
(2) cleft lip and palate versus control; (3) cleft lip and palate versus cleft palate only. 
Results

Cleft Palate Only Versus Control
Of the 231 interlandmark distances representing brain shape in children with cleft palate only and controls, 22 (10%) were significantly smaller and 14 (6%) were significantly larger in children with cleft palate only relative to controls ( Figure 3 ). Twenty-one interlandmark distances (96%) were smaller by at least 2% and seven interlandmark distances (32%) were smaller by at least 4%. In contrast, 12 interlandmark distances (92%) were larger by at least 2% and one (7%) was larger by at least 4%. Smaller interlandmark distances coalesced on the opercular sulcus (6), the caudate nucleus (16), the thalamus (17), the superior colliculus (23), the amygdala (15), the fourth ventricle (14), the lateral pole of the cerebellum (10), and the inferior cerebellar point (11) . Larger interlandmark distances coalesced on the cerebral vertex (5), the occipital pole (2), the midbody (19) and splenium (20) of the corpus callosum, the thalamus (17), the superior colliculus (23), and the superior point of the cerebellum (13) . The pattern and directionality of these interlandmark distances indicate that, relative to controls, children with cleft palate only had a heightened (5) and lengthened (1, 2) cerebrum, with a narrowed frontal lobe (6) . The opercular sulcus (6) was shifted posteroinferiorly, suggesting that Broca's area was reoriented and possibly reduced in children with cleft palate only. The cerebellum was reoriented such that the lateral cerebellar pole (10), the inferior cerebellum (11) , and the fourth ventricle (14) were shifted anteriorly, whereas the superior cerebellum (13) was shifted inferoposteriorly. The callosal midbody (19) and splenium (20) were shifted superiorly, increasing the convexity of the corpus callosum. The caudate nucleus (16) and thalamus (17) were shifted posteroinferiorly, and the superior colliculus (23) was displaced anteriorly, indicating that the arrangement of the subcortical structures was altered in children with cleft palate only.
Cleft Lip and Palate Versus Control
When children with cleft lip and palate were compared to controls, 16 interlandmark distances (7%) were significantly shorter, of which 11 (69%) were shorter by at least 2% (Figure 4 ). Eight interlandmark distances (3.4%) were significantly larger, of which seven (88%) were larger by at least 2% and two (25%) were larger by at least 4%. Shorter interlandmark distances coalesced on the caudate nucleus (16) , the thalamus (17), the inferior pons (21) , and the inferior (11), posterior (12) , and superior (13) cerebellar landmarks. Larger interlandmark distances coalesced on the temporal (3) and occipital (2) poles and on the midbody of the corpus callosum (19) . The directionality of these interlandmark distances indicates that the occipital pole (2) was shifted superoposteriorly, reflecting expansion and reorientation of the occipital lobe in children with cleft lip and palate relative to controls. The temporal lobe (3) was also expanded laterally, whereas the length (12) and height (11, 13) of the cerebellum were reduced. In addition, the caudate nucleus (16), thalamus (17) , and inferior pons (21) were displaced posteriorly. The midbody of the corpus callosum (19) was displaced superiorly, increasing the overall convexity of the corpus callosum. The distance between the cerebral vertex (5) and the superior temporal sulcus (8) also lengthened in children with cleft lip and palate by 5%; however, as no other interlandmark distances involving these landmarks were significant, it is unclear whether changes in this interlandmark distance reflect an increase in cerebral height, displacement of Wernicke area, both, or neither.
Cleft Palate Only Versus Cleft Lip and Palate
Euclidean distance matrix analysis of children with cleft palate only versus children with cleft lip and palate identified 10 interlandmark distances (4%) that were larger in children with cleft palate only and 14 interlandmark distances (6%) that were larger in children with cleft lip and palate ( Figure 5 ). Of the interlandmark distances that were larger in children with cleft palate only, nine (90%) were larger by at least 2% and two (20%) were larger by at least 4%. These interlandmark distances coalesced on the occipital pole (2), the posterior cerebellum (12) , and the splenium of the corpus callosum (20) . Of the interlandmark distances that were larger in children with cleft lip and palate, all were larger by at least 2% and six were larger by at least 4%. These interlandmark distances coalesced on the temporal (3) and cerebellar (10) poles and on the opercular sulcus (6) . Relative to children with cleft palate only, children with cleft lip and palate had a reduced occipital lobe, marked by anterosuperior displacement of the occipital pole (2). The temporal lobe (3) was expanded Central sulcus/lateral sulcus intersection 5
Central sulcus-superior termination 6 Opercular sulcus (ie, ascending ramus of the lateral sulcus) 8
Superior temporal sulcus-posterior inflexion 9
Parietooccipital sulcus-superior termination 10
Cerebellum-lateral pole 11
Cerebellum-midsagittal inferior 12
Cerebellum-midsagittal posterior 13 Cerebellum-midsagittal superior 14 Fourth ventricle 15 Amygdala 16 Caudate nucleus  17  Thalamus  18 Corpus callosum-genu 19
Corpus callosum-midbody 20
Corpus callosum-splenium 21
Pons-inferior 22
Pons-superior 23 Superior colliculus a Twenty-three cortical and subcortical landmarks were used to characterize brain shape. The numbers in the left column correspond with the numbered landmarks in the figures.
anterolaterally. The posterior extent of the cerebellum (12) was shifted anteriorly, shortening the cerebellum in the anteroposterior direction. The opercular sulcus (6) was displaced laterally without concurrent displacement of the intersection of the central sulcus with the lateral sulcus (4) or superior temporal gyrus (8) , indicating that the frontal lobe was widened anteriorly. The opercular sulcus (6) was also shifted anterosuperiorly, signifying that the extent and orientation of Broca's area differed among children with cleft lip and palate and cleft palate only. The splenium of the corpus callosum (20) in children with cleft lip and palate was displaced posteroinferiorly, reflecting a difference in the length and convexity of the corpus callosum. The inferior margin of the pons (21) was displaced posteriorly.
Brain Shape
When the results of the 3 pairwise comparisons of Euclidean distance matrix analysis were examined in concert, patterns of shape variation associated with cleft lip and/or palate palate in general and patterns of shape variation unique to children with cleft palate only and to children with cleft lip and palate could be summarized. These results indicate that cleft lip and/or palate in general was associated with posterior expansion of the occipital lobe and reduction and reorientation of the cerebellum. The magnitude of expansion of the occipital lobe was greatest in children with cleft palate only. Cleft lip and/ or palate was also associated with heightening of the callosal midbody and postero-inferior displacement of the caudate nucleus and thalamus. Cleft palate only, specifically, was associated with heightening of the cerebrum, narrowing of the frontal lobe, reorientation of the Broca's area within the frontal lobe, superoanterior displacement of the splenium of the corpus callosum, and anterior displacement of the superior colliculus. In contrast, cleft lip and palate was associated with a superior shift of the occipital pole, lateral expansion of the temporal pole, and posterior Figure 1 . Landmarks used to assess brain shape. Twenty-three landmarks were used to assess brain shape. The landmark numbers correspond to the numbered list in Table 1 . Detailed landmark protocols and additional images of these landmarks are available at http://www.hopkinsmedicine.org/fae/vbd.htm. Source: Photographs were adapted with permission from the Digital Anatomist Project. 24 displacement of the inferior pons. The posterior extent of the cerebellum was also shifted anteriorly in children with cleft lip and palate, shortening the cerebellum and contributing to the overall reduction of this structure.
Discussion
The purpose of this study was to test for structural differences in brain morphology between children with cleft palate only, children with cleft lip and palate, and age-and sex-matched controls. The results of this study indicate that the brain is dysmorphic in children with cleft lip and/or palate and that specific patterns of shape variation are associated with cleft type. In a previous volumetric study on a subset of this sample, Nopoulos et al 13 found that brain volume was smaller in children with cleft lip and/or palate than age-and sex-matched controls, and that within the brain, tissue was abnormally distributed, such that the cerebellum, frontal lobe, and caudate nucleus were abnormally small and the occipital lobe was abnormally large. The results of this study complement and expand on these findings. This study found that cleft lip and/or palate was associated with expansion of the occipital lobe, reduction and reorientation of the cerebellum, heightening of the callosal midbody, and posteroinferior displacement of the caudate nucleus and thalamus.
In accordance with Nopoulos et al, 13 which identified cleftspecific differences in total brain tissue, this study identified patterns of dysmorphology specific to cleft lip and/or palate type. Cleft palate only was associated with cerebral heightening, narrowing of the frontal lobe, reorientation of the Broca's area, and displacement of the superior colliculus and the splenium. Cleft lip and palate was associated with shifts in the occipital and temporal poles, displacement of the inferior pons, and shortening of the cerebellum. This study also parallels Weinberg et al, 16 which found unique differences in brain shape among adults with cleft lip and palate, adults with cleft palate only, and controls. Notably, however, the patterns of shape dysmorphology identified in adults with cleft lip and/or palate by Weinberg et al 16 and in this study on children with cleft lip and/or palate differ substantially. Considering that volumetric abnormalities are roughly opposite of each other in children and adults with cleft lip and/or palate (eg, a smaller frontal lobe in children, but a larger frontal lobe in adults), it is not particularly surprising that most of the shape differences that were identified in children with cleft lip and/or palate were not the same shape differences that were identified in adults with cleft lip and/or palate. However, despite the differences in brain dysmorphology between children and adults with cleft lip and/or palate, it is important to note that all of the structures that were dysmorphic in adults with cleft lip and/or palate were also dysmorphic in children.
It is of note that the verbal IQ of the children with cleft palate only was significantly lower than that of the controls and that the verbal IQ of the children with cleft lip and palate was intermediate between these values, though not significantly different from either group. This same trend is seen in the number of significant interlandmark distances, with 35 interlandmark Figure 3 . Euclidean distance matrix analysis results of the comparison of brain shape between children with cleft palate only and controls. Black lines represent interlandmark distances that were significantly larger in children with cleft palate only relative to controls. Gray lines represent interlandmark distances that were significantly smaller in children with cleft palate only relative to controls.
distances differing between children with cleft palate only and controls and 27 interlandmark distances differing between children with cleft lip and palate and controls. In addition, the sample used in this study was a subset of that assessed in Conrad et al, 4 which documented specific deficits in verbal memory, rapid verbal labeling, and verbal fluency in children with cleft lip and/or palate relative to controls, providing additional support for a relationship between the brain dysmorphology identified in this study and the verbal deficits seen in this population.
The primary limitation of this study was that this sample contained both males and females and children aged 7 to 17. To date, this is the only sample of MRIs of the brain for children with cleft lip and/or palate in existence. The samples were matched by sex and age to minimize the effects of these variables; however, it remains unclear whether there was an effect of these variables on the results as the sample size was too small to permit analysis by sex and cleft type. Similarly, severity of clefting and cleft side could not be taken into account in these analyses because of sample size constraints. Larger crosssectional studies or, ideally, longitudinal studies would help to clarify the role of sex and the time course of the morphologic changes observed in children with cleft lip and/or palate, as well as provide finer analysis of brain morphology according to additional clefting variables.
A second limitation of this study is that it is unclear at this time the extent to which differences in skull morphology . Euclidean distance matrix analysis results of the comparison of brain shape between children with cleft lip and palate and controls. Black lines represent interlandmark distances that were significantly larger in children with cleft lip and palate relative to controls. Gray lines represent interlandmark distances that were significantly smaller in children with cleft lip and palate relative to controls. affect brain morphology in either the normal population or in individuals with cleft lip and/or palate. It is clear, however, that biomechanical and molecular signaling occurs between these two structures during both normal and pathologic development [31] [32] [33] and that pathology can affect both the skull and the brain independently as well as the interaction between these two structures. [10] [11] [12] Cranial base morphology, for example, differs between individuals with and without cleft lip and/or palate. 34, 35 However, it is not known at this time if and how differences in cranial base morphology affect brain morphology or if the reverse is true-that is, if it is actually brain dysmorphology driving alterations in cranial base morphology through abnormal molecular signaling pathways. This study cannot answer these questions; however, it opens the door for future research into these types of questions.
Although there is no direct clinical application of the current findings, this study provides further evidence that there is a neurologic underpinning to the cognitive deficits exhibited by children with cleft lip and/or palate rather than a purely mechanical or social etiology as has been suggested in the past. These findings indicate that additional research should be undertaken to evaluate the neural networks underlying identified volumetric and shape abnormalities and to assess the relationship between dysmorphic brain and skull development in this population. Moreover, these findings suggest that a neurologic approach may be helpful in understanding the precise Figure 5 . Euclidean distance matrix analysis results of the comparison of brain shape between children with cleft palate only and children with cleft lip and palate. Black lines represent interlandmark distances that were significantly larger in children with cleft palate only relative to children with cleft lip and palate. Gray lines represent interlandmark distances that were significantly smaller in children with cleft palate only relative to children with cleft lip and palate. pathophysiology of cleft lip and/or palate, which, to date, remains unclear.
Conclusion
In conclusion, this study identified brain dysmorphology in children with cleft lip and/or palate. These results indicate that the aberrant biological mechanisms responsible for this disorder play a role in both face and brain development. Furthermore, the findings here lend support to the notion that cognitive deficits associated with cleft lip and/or palate may be due to abnormal brain structures. Additional longitudinal studies of infants with cleft lip and/or palate should be conducted in order to assess this relationship. In addition, as this study was the first of its kind, further research is necessary to verify the results of this study and to determine whether they are applicable to broader demographic samples. Future studies should also be conducted that directly test for a relationship between these morphologic differences and cognitive deficits, and longitudinal studies should be undertaken to examine the progression of these morphologic changes through childhood and adolescence.
